-Chronic alcohol abuse increases lung oxidative stress and susceptibility to respiratory infections by impairing alveolar macrophage (AM) function. NADPH oxidases (Nox) are major sources of reactive oxygen species in AMs. We hypothesized that treatment with the critical antioxidant glutathione (GSH) attenuates chronic alcohol-induced oxidative stress by downregulating Noxes and restores AM phagocytic function. Bronchoalveolar lavage (BAL) fluid and AMs were isolated from male C57BL/6J mice (8 -10 wk) treated Ϯ ethanol in drinking water (20% wt/vol, 12 wk) Ϯ orally gavaged GSH in methylcellulose vehicle (300 mg·kg Ϫ1 ·day Ϫ1 , during week 12). MH-S cells, a mouse AM cell line, were treated Ϯ ethanol (0.08%, 3 days) Ϯ GSH (500 M, 3 days or last 1 day of ethanol). BAL and AMs were also isolated from ethanol-fed and control mice Ϯ inoculated airway Klebsiella pneumoniae (200 colony-forming units, 28 h) Ϯ orally gavaged GSH (300 mg/kg, 24 h). GSH levels (HPLC), Nox mRNA (quantitative RT-PCR) and protein levels (Western blot and immunostaining), oxidative stress (2=,7=-dichlorofluorescein-diacetate and Amplex Red), and phagocytosis (Staphylococcus aureus internalization) were measured. Chronic alcohol decreased GSH levels, increased Nox expression and activity, enhanced oxidative stress, impaired phagocytic function in AMs in vivo and in vitro, and exacerbated K. pneumonia-induced oxidative stress. Although how oral GSH restored GSH pools in ethanol-fed mice is unknown, oral GSH treatments abrogated the detrimental effects of chronic alcohol exposure and improved AM function. These studies provide GSH as a novel therapeutic approach for attenuating alcohol-induced derangements in AM Nox expression, oxidative stress, dysfunction, and risk for pneumonia. glutathione; alveolar macrophage; nicotinamide adenine dinucleotide phosphate oxidases; oxidative stress; phagocytic function CHRONIC ALCOHOL ABUSE INCREASES susceptibility to acute respiratory distress syndrome (ARDS) (54), a severe form of lung injury with a 26% mortality rate (23), and increases risk of developing respiratory infections, such as pneumonia (49). ARDS is characterized by the development of pulmonary inflammation and edema in response to aspiration, sepsis, or trauma, resulting in systemic proinflammatory cascade activation (68). Compared with a 22% incidence of ARDS in nonalcoholic patients at risk for lung injury, alcoholic patients have a 43% incidence of ARDS (52). Alcohol predisposes to ARDS development through multiple mechanisms, including oxidative stress (11, 33, 35, 37, 52) . Furthermore, subjects with a history of alcohol use disorders have a higher prevalence of community-acquired pneumonia (20), resulting in worse clinical outcomes than nonalcoholics. Chronic alcohol ingestion increases oxidative stress, which primes the lung for respiratory infections and injury (34).
glutathione; alveolar macrophage; nicotinamide adenine dinucleotide phosphate oxidases; oxidative stress; phagocytic function CHRONIC ALCOHOL ABUSE INCREASES susceptibility to acute respiratory distress syndrome (ARDS) (54) , a severe form of lung injury with a 26% mortality rate (23) , and increases risk of developing respiratory infections, such as pneumonia (49) . ARDS is characterized by the development of pulmonary inflammation and edema in response to aspiration, sepsis, or trauma, resulting in systemic proinflammatory cascade activation (68) . Compared with a 22% incidence of ARDS in nonalcoholic patients at risk for lung injury, alcoholic patients have a 43% incidence of ARDS (52) . Alcohol predisposes to ARDS development through multiple mechanisms, including oxidative stress (11, 33, 35, 37, 52) . Furthermore, subjects with a history of alcohol use disorders have a higher prevalence of community-acquired pneumonia (20) , resulting in worse clinical outcomes than nonalcoholics. Chronic alcohol ingestion increases oxidative stress, which primes the lung for respiratory infections and injury (34) .
Chronic alcohol consumption depleted levels of the critical antioxidant glutathione (GSH) in the bronchoalveolar lavage (BAL) fluid of human subjects (53) and in the alveolar macrophages (AMs) of rats (14) . In clinical and animal studies, decreased GSH in the alveolar space is associated with chronic oxidative stress and AM dysfunction (12, 14, 37, 70) . AMs are critical in innate and acquired immunity (66) since they phagocytize and clear apoptotic cells and infectious particles (47) . The binding and internalization of inactive Staphylococcus aureus by AMs from chronic ethanol-exposed animal models is impaired (12) , and oral treatments with GSH precursors L-2-oxothiaxolidine-4-carboxylate (Procysteine; Transcend Therapeutics) or N-acetylcysteine improved AM phagocytosis in vitro (14) . Collectively, these studies demonstrate that chronic alcohol ingestion decreases GSH levels and stimulates oxidative stress in the alveolar space, leading to AM dysfunction (16) that could contribute to the increased risks of pneumonia or ARDS. However, because L-2-oxothiaxolidine-4-carboxylate and N-acetylcysteine are additionally involved in the synthesis of the antioxidant cysteine, the therapeutic effects of these molecules may not solely be due to their role as GSH precursors. To our knowledge, the studies presented herein are the first to delineate the unique and critical role of GSH in attenuating alcohol-induced AM dysfunction in a study of in vivo bacterial phagocytosis and clearance.
Reactive oxygen species (ROS) are involved in complex physiological processes, including cell signaling and apoptosis (26, 65) , and play important roles in disease pathogenesis. NADPH oxidases (Nox) are a major source of ROS production in the lungs under physiological conditions (57) . The primary ROS generated by Nox proteins in AMs is superoxide, a reactive species essential to the respiratory burst involved in the killing of microbes following phagocytosis (28) .
Nox proteins, including Nox1-5 and Duox1-2, are membrane-associated, multicomponent enzymes that catalyze the reduction of molecular oxygen to superoxide and hydrogen peroxide (H 2 O 2 ), using NADPH as an electron donor (10) . Nox1, Nox2, and Nox4 (32, 51, 59) are expressed in the human lung, and Duoxes are expressed in the airway. Along with p22 phox , these components comprise the catalytically active cytochrome-like moiety of Noxes (1, 36, 41) . Activation of the Nox-p22 phox complex may require additional subunits. For example, Nox1 is activated primarily through interactions with the cytosolic subunits GTP-Rac, NoxO1, and NoxA1 (17, 64) , the latter two of which can be replaced by p47 phox and p67 phox , respectively (4, 64) . Activation of Nox2 requires association with p40 phox , GTP-Rac, p47 phox , and p67 phox (8) , and Nox2 is responsible for respiratory burst in AMs (59) . Nox4 generates ROS upon association with p22 phox (22) and has been implicated in differentiation (18, 19, 44, 69) , cellular senescence (62) , and oxygen sensing (43) . Nox4 is constitutively active producing H 2 O 2 , but its activity can be augmented by factors that increase its expression or by Poldip2 (48) . In mouse embryos, Nox1, Nox2, and Nox4 are key sources of ROS production in response to ethanol exposure (21) , and chronic ethanol exposure increased the expression of these Noxes in the rat lung (59) . Taken together, these findings suggest that Noxes may play critical roles in ethanol-induced oxidative stress and in the pathogenesis of lung injury (59) .
The objective of the current study is to therapeutically attenuate the molecular mechanisms involved in alcohol-induced oxidative stress and dysfunction in AMs. Previous studies in our laboratories showed that, during chronic alcohol ingestion, expression of Noxes are increased in the lung (6) and in AMs, subsequently increasing oxidative stress and AM phagocytic dysfunction (71) . We hypothesize that treatment with the critical antioxidant GSH can reduce alcohol-induced oxidative stress through modulation of Nox expression, to improve AM phagocytic function. The investigations presented herein extend our previous studies involving alcohol-induced AM derangements and, to our knowledge, this is the first demonstration that dietary GSH treatment provides a novel therapeutic approach for attenuating ethanol-mediated increases in Nox expression.
MATERIALS AND METHODS
Mouse model of chronic ethanol consumption. All animal protocols were reviewed and approved by the Emory University Institutional Animal Care and Use Committee, and all animal studies were done in accordance with National Institutes of Health guidelines outlined in the Guide for the Care and Use of Laboratory Animals. Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME), aged 8 -10 wk, were given either no ethanol or ethanol (20% wt/vol) in their drinking water for 12 wk as previously reported (67, 71) . This method replicates blood alcohol levels following chronic ethanol consumption in human subjects (67) . During the final week of ethanol treatment, all mice were gavaged daily as previously reported (38, 55) for 7 days with either GSH (300 mg·kg Ϫ1 ·day Ϫ1 in 100 l methylcellulose vehicle) or vehicle alone.
Following death, tracheas were cannulated via tracheotomy, and BAL fluid was collected with three 1-ml saline lavages. Mouse alveolar macrophages (mAM) were then isolated from the fluid by centrifugation at 8,000 rpm for 5 min. The cell pellet was resuspended in RPMI-1640 medium containing 2% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cell pellet was then cultured overnight, allowing AMs to attach to the plastic petri dishes. After being stained with Diff-Quik (Dade Behring, Newark, DE) and counted with a hemocytometer, the cell population was determined by differential staining to be ϳ95% AMs (16) . The macrophages were then plated overnight in RPMI-1640 medium containing 0.5% FBS and 1% penicillin/streptomycin at 37°C in 5% CO 2 atmosphere before beginning experiments.
GSH and glutathione disulfide levels in mouse BAL fluid and AMs. BAL fluid and isolated AMs were used to measure reduced glutathione and glutathione disulfide levels, GSH and GSSG, respectively. To prevent auto-oxidation before GSH and GSSG analysis, 250 l of BAL fluid were immediately added to an equal volume of 10% perchloric acid (final 5%) preservation solution containing iodoacetic acid (6.7 M) and boric acid (0.1 M) with 5 M ␥-glutamylglutamate as an internal standard and immediately frozen at Ϫ80°C (40) . AM cell pellets obtained from the BAL were immediately treated with a 5% perchloric acid preservation containing iodoacetic acid (3.35 M), boric acid (0.05 M), and ␥-glutamyl-glutamate (2.5 M). GSH and GSSG were measured in BAL fluid and AMs by HPLC after samples were derivatized with dansyl chloride as previously described (40) . To control for dilution by the lavage procedure, molar concentrations of GSSG and GSH were normalized to bicinchoninic acid (BCA) assay (Thermo Scientific, Rockford, IL) protein levels, as previously reported (14) . The GSH and GSSG values for the AMs were normalized to cellular protein values. The redox potential (E h) of the GSH/GSSG thiol pair was calculated using the Nernst
2 ). E0 is the standard potential for the redox couple, R is the gas constant, T is the absolute temperature, and F is Faraday's constant. A more positive E h number indicates greater oxidation of the GSH/GSSG thiol pair (42) .
MH-S cell culture and ethanol stimulation. The mAM cell line MH-S (ATCC, Manassas, VA) was used as a model system for studying effects of ethanol in vitro. Cells were cultured in RPMI-1640 media containing 10% FBS and 1% penicillin/streptomycin. After plating (24 h), MH-S cells were cultured in media containing 0.5% FBS, and selected wells were treated for 3 days with a clinically relevant ethanol concentration of 0.08% in a modular incubation chamber (Billups-Rothenberg, Del Mar, CA) to prevent alcohol evaporation as reported (60) . During either the last 24 h or for the duration of exposure, selected wells were also treated with 500 M GSH (ICN Nutritional Biochemicals, Cleveland, OH), the GSH concentration present in the alveolar lining fluid of control mice. GSH levels were measured in lysed MH-S cells by HPLC methods described above.
RNA isolation and quantitative RT-PCR. Total RNA was extracted from mAMs or MH-S cells using TRIzol reagent (Invitrogen, Carlsbad, CA). mRNA expression was determined and quantified using specific mRNA primers given in Table 1 , according to protocols previously described (71) . Values for each target are expressed relative to mRNA levels of 9S in the same sample. 
Western blot analysis for MH-S cells.
Proteins were isolated from MH-S cells using a cell lysis buffer as previously described (67) . Whole cell extracts prepared from untreated and ethanol-treated MH-S cells (40 g/lane) were resolved in 4 -12% bis-Tris polyacrylamide gels (Invitrogen), followed by transfer to nitrocellulose membranes. Membranes were probed with primary antibodies for Nox1 (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA), Nox2 (1:1,000; Abcam, Cambridge, MA), Nox4 (1:2,500, gift from Dr. David Lambeth, Emory University), or cyclin-dependent kinase 4 (CDK4, 1:1,000; Santa Cruz Biotechnology). Proteins were incubated with peroxidase-coupled anti-rabbit or anti-goat IgG (1:2,000) and visualized in the presence of LumiGlo reagent when exposed in a Bio-Rad Chemidoc XRS/HQ. Densitometric analysis was performed using Bio-Rad Quantity One (version 4.5.0) software. Values are expressed as the relative protein expression normalized to CDK4 protein.
Confocal immunostaining of mAMs. AMs were isolated from the BAL fluid of control and ethanol-fed mice treated with or without dietary GSH. The cell pellet of AMs was resuspended in RPMI-1640 medium containing 2% FBS and 1% penicillin/streptomycin and cultured for 24 h. Cells were then fixed to chamber slides with 4% paraformaldehyde. Cells were incubated with primary antibodies for Nox1 (1:100), Nox2 (1:100), Nox4 (1:100; Santa Cruz Biotechnology), and TGF-␤ 1 (1:100), followed by incubation with fluorescently labeled secondary antibodies. Fluorescence of the confocal microscopic images was measured using FluoView (Olympus) via quantitative digital analysis. Values are normalized to DAPI nuclear stain and are expressed as mean relative fluorescent units per cell Ϯ SE.
Cellular oxidative stress production. mAMs or MH-S cells were cultured in RPMI-1640 media containing 0.5% FBS for 24 h before the start of the experiment. Cells were then incubated with 5 M 2=,7=-dichlorofluorescein-diacetate (DCFH-DA; Invitrogen) in RPMI at 37°C for 30 min in the dark to determine intracellular ROS production as described previously (56) . Cells were then washed with phosphate-buffered saline three times to remove excess dye, and fluorescence was measured using FluoView (Olympus, Melville, NY) via quantitative digital analysis. ROS production values are expressed as means Ϯ SE, relative to average control values.
H2O2 released in media collected from mAMs or MH-S cells was determined using Amplex Red assay (Invitrogen), according to the manufacturer's protocol. In brief, cells were incubated with 500 l Amplex Red (20 M) and horseradish peroxidase (0.1 U/ml) at 37°C for 30 min in the dark. The reaction mixtures were then measured for fluorescence in duplicate (excitation 540 nm, emission 590 nm), and H2O2 concentrations were calculated utilizing standard curves generated with reagent H2O2. Cell cultures were then lysed in 100 l cell lysis buffer and centrifuged at 12,000 rpm for 10 min. Supernatant protein concentrations were determined using BCA assay. H2O2 concentrations were normalized to cellular protein concentrations and expressed as means Ϯ SE, relative to average control values.
Phagocytosis. Phagocytic ability of AMs was assessed as previously described (16) . In brief, mAMs were incubated with 1 ϫ 10 6 particles of pH-sensitive pHrodo S. aureus BioParticles conjugate (Invitrogen) for 2 h and then fixed with 4% paraformaldehyde. Phagocytosis of bacteria was analyzed using an Olympus confocal microscope containing an argon/krypton laser. Cells from 10 fields/ experimental condition were assessed using quantitative digital fluorescence imaging software (FluoView 300, version 4.3; Olympus). To measure S. aureus internalization, laser confocal microscopy was performed at 50% of cell depth using identical background and gain settings. AMs with any internalized bacteria were considered positive for phagocytosis. Phagocytosis was quantified by phagocytic index, which was calculated as the percentage of cells positive for phagocytosis multiplied by the relative fluorescence units of S. aureus per cell.
Lung Klebsiella pneumoniae clearance in vivo. As previously described (50), Klebsiella pneumoniae (ATCC no. 43816, Manassas, VA) was grown in 100 ml of trypticase soy broth at 37°C in a shaker for 18 h. Bacteria were pelleted by centrifugation (1,200 g) and resuspended in 10 ml of sterile phosphate-buffered saline to achieve a stock concentration of 2 ϫ 10 10 colony-forming units (CFU)/ml. Serial dilutions were performed to make a final concentration of 2 ϫ 10 3 CFU/ml for inoculation of mice, where a total volume of 100 l was inoculated in the airway of each mouse. K. pneumoniae were plated on MacConkey agar (Remel, Lenexa, KS) to confirm their presence and quantify their concentration.
Male C57BL/6J mice were anesthetized with ketamine (6 mg/kg) and xylazine (2 mg/kg), and tracheotomy was performed (29) . An inoculating syringe was used to deliver 100 l of the K. pneumoniae inoculum intratracheally. After 4 h, selected mice were gavaged as previously reported (38, 55) with 300 mg/kg GSH in 100 l methylcellulose vehicle or vehicle alone and killed after 24 h. BAL fluid and mAMs (lysed in 0.01% Triton X) collected from these mice were plated on MacConkey agar to determine the concentration of K. pneumoniae.
Statistical analysis. Data are presented as means Ϯ SE. Statistical significance was calculated using one-way ANOVA followed by Tukey-Kramer test to detect differences between individual groups using GraphPad Prism version 5 (GraphPad, San Diego, CA). P Ͻ 0.05 was considered statistically significant.
RESULTS
Chronic alcohol exposure decreased GSH levels in the BAL fluid and AMs of mice. BAL fluid and AMs were isolated from control and ethanol-fed mice (20% wt/vol ethanol for 12 wk) to evaluate the effects of ethanol on GSH and GSSG levels in vivo. For the BAL fluid, the samples were derivatized with dansyl chloride, and GSH and GSSG levels were measured using HPLC and normalized to protein concentrations [control (Con), 67.3 g protein/ml; Con ϩ GSH, 68.6 g/ml; ethanol (EtOH), 70.1 g/ml; and EtOH ϩ GSH, 67.7 g/ml]. Compared with control mice, the BAL fluid from ethanol-fed mice showed a 55 Ϯ 4.6% decrease in GSH levels (Fig. 1A) . The redox potential became more positive, indicating that the redox potential of the GSH/GSSG thiol pair was oxidized by ϳ50 mV (Fig. 1B) . Similarly, the AMs from ethanol-fed mice showed decreased GSH levels (Fig. 1C) and increased oxidation of the GSH/GSSG thiol pair (Fig. 1D) . GSH treatment did not alter the GSH pool or the redox potential of the controls. However, oral GSH treatment restored the GSH pool to control values and normalized the redox potential of the BAL fluid and AMs of the ethanol group.
GSH treatment attenuated ethanol-induced MH-S and mAM Nox expression in vitro and in vivo.
To evaluate the effects of ethanol on GSH levels in vitro, MH-S cells either untreated or treated with ethanol (0.08%, 3 days) Ϯ GSH (500 M, 3 days or 1 day) were lysed, and GSH levels were measured using HPLC. Similar to in vivo experiments, ethanol-treated MH-S cells showed a 46 Ϯ 3.9% decrease in GSH levels ( Fig. 2A ) compared with controls. Whereas GSH treatment did not alter the GSH pool of the controls, GSH treatment restored the intracellular GSH pool of the ethanol group to control values.
Compared with untreated MH-S cells, ethanol (0.08%, 3 days) increased mRNA levels of Nox1 (3.0-fold), Nox2 (5.5-fold), and Nox4 (6.4-fold) (Fig. 2B) . Ethanol also increased MH-S cell mRNA levels of p22 phox (7.0-fold), p47 phox (4.8-fold), and p67 phox (4.9-fold) (Fig. 2C) . Additionally, as measured by Western blotting analysis (Fig. 2D) and densitometry (Fig. 2E) , ethanol exposure increased the protein levels of Nox1, Nox2, and Nox4. Treatment with GSH (500 M, 1 or 3 days) had no effects on controls but caused time-dependent attenuation of ethanol-induced increases in mRNA and protein levels of Noxes and their associated proteins in MH-S cells (Fig. 2, B 
-E).
As shown in Fig. 3 , A and B, in vivo ethanol consumption also increased mAM mRNA expression levels of Nox1 (3.5-fold), Nox2 (4.4-fold), Nox4 (3.8-fold), p22 phox (2.5-fold), p47 phox (2.6-fold), and p67 phox (2.9-fold). Furthermore, chronic ethanol feeding increased the protein levels of Nox1, Nox2, and Nox4, as measured by computer analysis (Fig. 3C ) of confocal microscopic images (Fig. 3D) . Treatment with GSH (300 mg·kg Ϫ1 ·day Ϫ1 , during week 12 of ethanol feeding) attenuated ethanol-induced increases in mRNA and protein levels of Noxes, and their affiliated proteins in mAMs (Fig. 3, A-D) . Collectively, these data indicate that chronic ethanol exposure increased mRNA and protein levels of Noxes and Nox-associated proteins in mAMs and that oral GSH treatment in vivo can reverse these ethanol-induced increases.
GSH treatment reduced ethanol-induced increases in mAM oxidative stress and phagocytic dysfunction. MH-S cells were used to evaluate the effects of ethanol and GSH on AM oxidative stress in vitro. Oxidative stress was determined using DCFH-DA fluorescence to measure intracellular ROS production and Amplex Red to determine extracellular H 2 O 2 . Compared with control MH-S cells, ethanol exposure stimulated a 1.8-fold increase in DCF fluorescence (Fig. 4A) , a 2.8-fold increase in H 2 O 2 generation (Fig. 4B) , and a 39 Ϯ 2.9% reduction in phagocytic capacity (Fig. 4C) . Treatment with GSH for only the last day of in vitro ethanol exposure or for the duration of ethanol exposure attenuated AM oxidative stress and phagocytic dysfunction in these MH-S cells.
For in vivo experiments, mAMs were isolated from control and ethanol-fed mice, with each group randomly assigned to vehicle or GSH (300 mg·kg Ϫ1 ·day Ϫ1 ) during week 12 of feeding. Similarly to in vitro experiments using MH-S cells, chronic ethanol ingestion increased in vivo mAM DCF fluorescence by 4.7-fold (Fig. 4D ) and H 2 O 2 generation by 3.9-fold (Fig. 4E ) compared with AMs from control animals. In parallel studies, isolated mAMs treated with PEG-catalase showed a 80 Ϯ 2.3% decrease in H 2 O 2 generation compared with untreated cells (data not shown). However, dietary GSH completely attenuated ethanol's effects on AM oxidative stress in these animals.
Furthermore, phagocytic index was lower in mAMs from ethanol-fed animals (Fig. 4F) , and GSH treatment reversed ethanol-mediated AM dysfunction. These findings not only demonstrate that ethanol increases mAM oxidative stress in vivo and in vitro but also illustrate that late intervention with GSH supplementation attenuates ethanol-induced oxidative stress and phagocytic dysfunction in AMs.
GSH attenuates combined ethanol and K. pneumoniae-induced AM oxidative stress in vivo. Subjects with alcohol use disorders have an increased risk of developing respiratory infections, such as pneumonia (49) . We next examined whether the ethanol-induced suppression of AM phagocytosis was physiologically relevant, resulting in an increased risk of respiratory infections, and whether GSH reversed these effects. To evaluate the effects of combined ethanol and K. pneumoniae on GSH and GSSG levels in vivo, BAL fluid was isolated from control and ethanol-fed mice challenged with K. pneumoniae (200 CFU inoculated intratracheally). Samples were derivatized with dansyl chloride, and GSH and GSSG levels were measured using HPLC and normalized to protein concentrations [Con, 68.4 g protein/ml; K. pneumoniae (Kleb), 68.1 g/ml; Kleb ϩ GSH, 69.7 g/ml; Kleb ϩ EtOH, 73.0 g/ml; and Kleb ϩ EtOH ϩ GSH, 72.6 g/ml]. Compared with control mice (Fig. 1, A and B) , GSH levels and oxidation of the redox potential for the GSH/GSSG thiol pair were unchanged with a 24-h K. pneumoniae challenge alone (Fig. 5, A and B) . However, compared with control K. pneumoniae mice or the ethanol-fed mice (no bacterial treatment), the BAL fluid from ethanol-fed mice treated with K. pneumoniae showed further decreases in GSH levels (Fig. 5A) and increases in oxidation of the redox potential for the GSH/ Ϫ1 in 100 l methylcellulose vehicle) or vehicle alone for the last 7 days of ethanol feeding. In the BAL fluid, GSH levels (A) and redox potential of the GSH/glutathione disulfide (GSSG) thiol pair (B) were determined by HPLC. In isolated AMs, GSH levels (C) and redox potential of the GSH/GSSG thiol pair (D) were measured by HPLC. GSH and GSSG levels in BAL fluid and AMs were normalized to the appropriate protein concentration. Eh, redox potential. Values are expressed as means Ϯ SE, relative to control. Box plots are shown with medians and the upper and lower quartiles. *P Ͻ 0.05, vs. Con;
⌽ P Ͻ 0.05, vs. EtOH.
GSSG thiol pair (Fig. 5B) . These findings indicate that chronic alcohol exposure, combined with bacterial challenge, exacerbated the oxidative stress in the alveolar space with further decreases in GSH and increases in GSSG levels resulting in further oxidation of the BAL fluid in vivo. GSH treatment of the K. pneumoniae group (without ethanol) increased GSH availability in the alveolar lining fluid and increased the reducing capacity of this thiol pair. Dietary GSH (300 mg/kg for 24 h during bacterial exposure) partially reversed the combined effects of alcohol and K. pneumoniae on the redox oxidative stress in the BAL fluid (Fig. 5, A and B) .
Compared with control mice (Fig. 3, A-C) , mRNA and protein levels of Nox1, Nox2, and Nox4 were increased with the K. pneumoniae challenge alone (Fig. 5, C-D) as expected. Compared with the group with ethanol alone, the added treatment with K. pneumoniae mice exacerbated the increases in the Fig. 2 . Ethanol induced NADPH oxidase (Nox) mRNA and protein expression levels in vitro. Cultured MH-S cells were either untreated (Con) or ethanol-treated (EtOH, 0.08%) for 3 days Ϯ GSH for either the last 24 h of ethanol exposure, referred to as GSH 1 day. In other experiments, GSH was added throughout the exposure and referred to as GSH 3 days. A: intracellular GSH levels in these MH-S cells (n ϭ 3, in duplicate), as measured by HPLC. GSH levels were normalized to protein concentration. Values are expressed as means Ϯ SE, relative to control. B and C: mRNA levels of Nox1, Nox2, Nox4, p22 phox , p47 phox , and p67 phox were measured in these MH-S cells (n ϭ 3, in duplicate). All mRNA values were measured by quantitative RT-PCR (qRT-PCR), normalized to 9S mRNA, and expressed as means Ϯ SE, relative to no treatment. D and E: protein expression was assessed by Western blotting (D) and densitometric analysis (E) for Nox1, Nox2, and Nox4 in these MH-S cells (n ϭ 6). Protein values were normalized to cyclin-dependent kinase 4 (CDK4) protein levels, and expressed as means Ϯ SE, relative to no treatment. *P Ͻ 0.05 vs. Con; ⌽ P Ͻ 0.05 vs. EtOH. Fig. 3 . Ethanol augmented Nox mRNA and protein expression levels in vivo. mAMs were collected from control (Con) and ethanol-fed (EtOH; 12 wk) mice Ϯ oral GSH for the last 7 days of ethanol feeding. A and B: mRNA levels of Nox1, Nox2, Nox4, p22 phox , p47 phox , and p67 phox were measured in these mAMs (n ϭ 5, in duplicate). All mRNA values were measured by qRT-PCR, normalized to 9S mRNA, and expressed as means Ϯ SE, relative to control. C and D: protein expression of Nox1, Nox2, and Nox4 was determined in these mAMs (n ϭ 5), as measured by computer analysis (quantification of fluorescence intensity, C) of confocal fluorescence microscopic images (representative images, D). Quantification of fluorescence values are normalized to DAPI nuclear stain and expressed as mean relative fluorescent units (RFU) per cell Ϯ SE, relative to Con. *P Ͻ 0.05 vs. Con;
⌽ P Ͻ 0.05 vs. EtOH.
mRNA levels of Nox1, Nox2, and Nox4 (Fig. 5C ) associated with ethanol alone (P Յ 0.05, Fig. 3, A and B) . Furthermore, ethanol feeding with bacterial challenge increased the protein levels of Nox1, Nox2, and Nox4, as measured by confocal microscopy (Fig. 5D ). Treatment with GSH (300 mg/kg for 24 h during K. pneumoniae exposure) attenuated alcohol and bacteria-induced mRNA and protein levels of Noxes in mAMs (Fig. 5, C-D) . Therefore, chronic alcohol exposure, combined with bacterial challenge, further enhanced the mRNA and protein levels of Noxes in mAMs. Despite the bacterial challenge, in vivo GSH treatment remained an effective strategy to reverse ethanol-induced alterations in gene expression and AM dysfunction. AM oxidative stress was determined using DCFH-DA fluorescence to measure intracellular ROS production and Amplex Red to determine extracellular H 2 O 2 . Compared with control mice (Fig. 4, D and E) , oxidative stress was increased with K. pneumoniae challenge alone but was blocked by oral GSH treatments (Fig. 5, E and F) . For the ethanol plus K. pneumoniae group, the increase in DCF fluorescence (Fig. 5E ) and H 2 O 2 ( Fig. 5F ) was statistically greater than the control plus K. pneumoniae group or the ethanol alone group. Oral Fig. 4 . Ethanol increased oxidative stress and phagocytic dysfunction in mouse alveolar macrophages (mAMs). In cultured MH-S cells that were either untreated (Con) or ethanol-treated (EtOH, 0.08%) for 3 days Ϯ GSH for either the last 24 h (GSH, 1 day) or for the duration of ethanol exposure (GSH, 3 days) (n ϭ 3, in duplicate), intracellular reactive oxygen species (ROS) production was measured as 2=,7=-dichlorofluorescein (DCF) fluorescence (A), and extracellular H2O2 was measured by Amplex Red assay (B). Phagocytic ability of these MH-S cells was assessed by phagocytosis assay (n ϭ 3, 10 fields/experimental condition) (C). In mAMs collected from control (Con) and ethanol-fed (EtOH) mice Ϯ GSH for the last 7 days of ethanol feeding (n ϭ 5, in duplicate), DCF fluorescence (D) and H2O2 generation (E) were measured. Phagocytic ability of these mAMs was assessed by phagocytosis assay (n ϭ 5, 10 fields/experimental condition) (F). Phagocytic index was calculated from the percentage of phagocytic cells multiplied by the relative fluorescence units of Staphylococcus aureus per cell. All values are expressed as means Ϯ SE, relative to control. *P Ͻ 0.05 vs. Con; ⌽ P Ͻ 0.05 vs. EtOH.
GSH given 4 h after K. pneumoniae exposure reduced oxidative stress production. These findings indicate that alcohol, combined with bacterial challenge, stimulated oxidative stress and that intervention with GSH attenuates alcohol-and bacteria-induced mAM oxidative stress in vivo. GSH improves clearance of K. pneumoniae from the lung in vivo. BAL fluid and mAMs were isolated from control and ethanol-fed mice that were challenged with K. pneumoniae. Oral GSH in the control-fed mice attenuated K. pneumoniae infection in BAL and mAMs. Compared with control mice, in vivo ethanol exposure impaired clearance of K. pneumoniae bacteria from BAL fluid (Fig. 6A) and mAMs (Fig. 6B) . Oral GSH treatments improved bacterial clearance in BAL fluid and mAMs from both control and ethanol-fed mice (Fig. 6, A and  B) . The phagocytic ability to clear S. aureus bacteria was enhanced in mAMs isolated from K. pneumoniae-challenged mice (Fig. 6C ) compared with control mice (Fig. 4F) . However, phagocytosis and clearance of S. aureus was impaired in mAMs isolated from K. pneumoniae-challenged ethanol-fed mice. GSH treatment reversed ethanol-mediated AM dysfunc- . After 4 h, animals were gavaged with GSH or vehicle and then euthanized 24 h later (n ϭ 4 -5). GSH levels (A) and redox potential of the GSH/GSSG thiol pair (B) were determined in BAL fluid collected from mice, as measured by HPLC. GSH and GSSG levels were normalized to protein concentration. Box plots are shown with medians and the upper and lower quartiles. C: mRNA levels of Nox1, Nox2, and Nox4 were measured in mAMs isolated from these mice. All mRNA values were measured by qRT-PCR and normalized to 9S mRNA. D: protein levels of Nox1, Nox2, and Nox4 were determined in these mAMs, as measured by computer analysis of confocal fluorescence microscopic images, and quantification of fluorescence values are expressed. DCF fluorescence (E) and H2O2 generation (F) were measured in these mAMs. All values are expressed as means Ϯ SE, relative to untreated controls without bacterial challenge and where fold-change ϭ 1.0. tion to rescue phagocytic ability in vivo. Collectively, these data suggested that dietary GSH treatments can attenuate ethanol-induced AM dysfunction and improve K. pneumoniae clearance in alcohol-exposed lungs.
DISCUSSION
Chronic alcohol abuse is a comorbid variable that increases the risk of respiratory infections and ARDS (54) . Chronic alcohol ingestion depleted GSH levels in BAL fluid (9) and AMs (10) and caused oxidative stress and AM dysfunction in clinical and animal studies (12, 14, 37, 70) . AMs are important to innate and acquired immunity (66) due to their ability to phagocytize and clear apoptotic cells and infectious particles from the lung (47) . Chronic ethanol exposure causes AM dysfunction (12) through mechanisms that may involve alcohol-induced oxidative stress (16) . One potential mechanism for increased oxidative stress involves upregulation of the Nox family of proteins that comprise membrane-associated, multicomponent Nox enzymes that generate ROS (10) . Under physiological conditions, the primary sources of ROS production are the Noxes (28, 57) . Nox1 (32), Nox2 (59) , and Nox4 (51) are expressed in the lung, with Nox2 being the classical phagocytic oxidase necessary for ROS production during respiratory burst (59). Although not involved in respiratory burst, the expression of Nox4, a constitutively active Nox isoform, was enhanced in the lung tissue of ethanol-fed rats (15) . Our previous studies demonstrated that chronic ethanol ingestion increased Nox1, Nox2, and Nox4 expression in whole lung tissue (67) and in mAMs (71) . Because redox balance in the airway is critical for lung immunity and Noxes are central to the clearance of microbes through respiratory burst, the current study examined the therapeutic effects of restoring the GSH pool in the alveolar lining fluid on attenuating AM oxidative stress and dysfunction associated with chronic ethanol ingestion.
Confirming our previous studies (71), mAMs exposed to alcohol in vitro and in vivo demonstrated upregulation of p22 phox , a catalytic subunit for Nox1, Nox2, and Nox4, as well as p47 phox and p67 phox , regulatory proteins for Nox1 and Nox2. Ethanol exposure also increased the expression of Nox1, Nox2, and Nox4. Whereas chronic ethanol exposure augmented Nox expression in AMs, the mechanisms responsible for these increases remain undefined. Several factors that increase Nox expression are stimulated by alcohol. For example, previous studies showed that ethanol enhanced angiotensin II activity (6), a potent stimulus for Nox expression (63) . The role of angiotensin II in alcohol-induced oxidative stress in the lung was further supported by studies demonstrating that chronic alcohol-induced increases in rat lung Nox could be attenuated by angiotensin-converting enzyme inhibitors (59) . We have previously reported that either Nox1 or Nox2 is needed for Nox4 expression (71) , which could contribute to the upregulation of TGF-␤ 1 through increased oxidative stress (58) . Chronic ethanol ingestion also increased TGF-␤ 1 expression (5), which has been implicated in the regulation of Nox4 (10) . The current studies identified alcohol-induced Noxes as modulators contributing to AM oxidative stress; however, further studies are warranted to elucidate the molecular mechanisms involved in ethanol-mediated Nox expression, which may include TGF-␤ 1 regulation.
Recent studies suggest that oxidative stress can stimulate positive feedback loops that promote further ROS generation (7). Hypoxia activated hypoxia-inducible factor-1 and upregulated Nox1 through increased ROS (32) . Lipopolysaccharide (LPS)/ interferon-␥-induced ROS upregulated redox-sensitive NF-B to activate Nox2 expression in monocytes (2). The transcription factors NF-B and hypoxia-inducible factor-1 are induced by ROS generated by thrombin-activated Nox4 (9) . Furthermore, the promoters of Nox1, Nox2, and Nox4 contain response elements for several oxidative stress-activated transcription factors, such as phosphatidylinositol 3-kinase and protein kinase C in Nox1 (24), interferon regulatory factors-1 and -2 and NF-B in Nox2 (8) , and nuclear respiratory factor-1 and NF-B in Nox4 (46) . Collectively, these studies suggest that alcohol-induced oxidative stress may stimulate that activity of redox-regulated transcription factors that promote increased expression of Noxes. Furthermore, we have previously shown that knockdown of Noxes attenuated alcohol-induced oxidative stress in AMs (71) . Whereas our current studies show that chronic ethanol ingestion upregulated Noxes, the specific mechanisms by which alcohol mediates these effects are the focus of our future studies. In clinical studies, an alcohol use disorder was associated with decreased GSH and an oxidation of the GSH/GSSG redox potential by ϳ50 mV, independent of smoking history (70) . In the current study, chronic ethanol ingestion in the mouse model produced similar decreases in the GSH levels and oxidation of the redox potential of the GSH/GSSG thiol pair in the BAL fluid and AMs. Previous studies demonstrated that treatment with L-2-oxothiaxolidine-4-carboxylate restored GSH levels in the BAL and AMs from ethanol-fed rats and attenuated defects in phagocytosis (12) , implicating alcohol-induced GSH depletion and chronic oxidative stress in AM dysfunction. L-2-Oxothiaxolidine-4-carboxylate is a precursor to cysteine, which is required for downstream GSH synthesis. To determine the unique and critical role that GSH itself plays in attenuating alcohol-induced AM phagocytic dysfunction, ethanol-exposed mAMs were treated with GSH as an intervention in vitro and in vivo. Although there were no effects in the BAL or AMs of the control group, limited GSH uptake by intestinal epithelial cells and tightly controlled GSH homeostasis may prevent spikes in GSH in the alveolar lining fluid under control conditions, even in the presence of oral supplements. In contrast, GSH treatment during the last week of ethanol ingestion restored the GSH pool and the reducing capacity of the BAL fluid and intracellular AM environment. The mechanisms by which oral GSH restored the GSH pool in the BAL of ethanolfed mice remain to be determined, but these results are similar to our previous observations where intraperitoneal injections in the preterm rabbit exposed to hyperoxia improved the GSH pool in BAL and protected against lung injury (13) . Alternatively, one positive aspect of ethanol with LPS-induced increases in lung permeability (67) may result in increased systemic GSH through oral supplements and increased GSH leak in the alveolar space. Another potential mechanism may be that increases in systemic GSH and oxidative stress in the alveolar space may upregulate GSH transport in the lung and alveolar space (3) .
Although oral GSH supplements were associated with normalization of the GSH pool in the BAL, the underlying mechanisms for improved AM phagocytosis are unclear. One mechanism could be through restoration of the GSH pool, as shown in the studies presented herein, or cysteine pool in the AM. By breaking down extracellular GSH, ␥-glutamyltransferase (GGT) provides cysteine, the rate-limiting amino acid for GSH resynthesis (45) . As such, GGT is critical for maintaining GSH and cysteine homeostasis. Thus, GGT with its active site directed outward is critical for AMs to use extracellular GSH to increase their intracellular GSH pool (27) . In a genetic model of GGT deficiency, GSH in the BAL was decreased approximately sixfold and its oxidation was increased approximately sevenfold (39) . In previous studies, we demonstrated that ethanol-induced decreases in GSH in the alveolar lining fluid are concomitant with decreases in GSH in the AM (14) . Correspondingly, increases in GSH in the alveolar lining fluid through dietary GSH precursors improve the GSH content of AMs. Therefore, dietary GSH undoubtedly improved the extracellular GSH pool and the intracellular AM pool. Increased GSH in the epithelial lining fluid may also directly react with ROS in the lining fluid, thereby decreasing ROS that react with AMs. In addition to restoring the AM pools, reversible oxidative modifications of proteins in the plasma membrane, especially the cysteine moieties, can alter their function at the molecular level of catalytic activity, signaling and macromolecular interactions (30) . Therefore, oxidation of critical proteins located in the AM plasma membrane may render them inactive. By restoring the extracellular GSH pool, these critical cysteines facing the lining fluid may then be reduced and restored to their active state for catalytic activity or signaling related to AM phagocytosis (25, 61) . Likewise, intracellular proteins also contain redox-sensitive sites. For example, actin is sensitive to oxidation, and restoration of the redox state would permit its polymerization (31), a critical step in phagocytosis. Therefore, dietary GSH restored both the extracellular and intracellular GSH pools after chronic ethanol ingestion. This undoubtedly restored multiple extracellular and intracellular cascades that resulted in restoration of AM bacterial clearance.
With the use of ethanol-exposed MH-S cells, AMs isolated from mice following chronic ethanol ingestion, or AMs from subjects with an alcohol use disorder, we demonstrated that alcohol upregulated Nox1, Nox2, Nox4, and associated Nox regulatory proteins (71) . In those models, knockdown of Noxes improved alcohol-induced AM phagocytic dysfunction, suggesting a central role for oxidative stress in impaired AM phagocytosis. In vitro ethanol exposure increased TGF-␤ 1 and IL-13 production in AMs, which led to alternative activation and impaired phagocytosis (15) . Treatment with GSH during ethanol exposure attenuated oxidative stress, TGF-␤ 1 and IL-13 production, alternative activation, and impaired phagocytosis. The current study extends those findings by demonstrating that GSH treatment reversed ethanol-mediated decreases in intracellular GSH levels and attenuated ethanolinduced expression of Noxes and Nox regulatory proteins in ethanol-exposed mAMs in vitro and in vivo. We have previously shown that expression of Nox1 and Nox2 begins to increase after 6 h of ethanol exposure and that Nox4 expression begins to increase after 12 h, remaining elevated for the Fig. 7 . Hypothetical schematic of alcohol-induced AM oxidative stress and dysfunction. AMs that are exposed to chronic alcohol exhibit a feed-forward loop of increased ROS and augmented expression of TGF-␤1 and Noxes. We propose that treatment with GSH leads to reduced Nox expression, decreased oxidative stress, and improved phagocytic function in AMs. duration of ethanol exposure (3 days) (71) . Because GSH was also effective during the last 24 h of ethanol exposure, the data support that intervention with oral GSH can reverse ethanolinduced Nox4 expression even after 12 wk of ethanol ingestion. As expected with attenuation of Nox proteins, ethanolmediated increases in oxidative stress were also abrogated with GSH treatment in mAMs. Equally important, ethanol-induced impairments in AM phagocytic function were reversed by GSH treatment in vitro or in vivo. Thus, the ethanol-induced upregulation of Noxes and their regulatory proteins and subsequent oxidative stress were central to impaired AM phagocytosis. Although we have shown herein that oral GSH prevention treatment (3 days) and intervention treatment (1 day) can attenuate ethanol-induced AM derangements, dysregulation of the GSH pathway may not be the only mechanism by which alcohol induces its detrimental effects. For example, we have previously demonstrated that activation of peroxisome proliferator-activated receptor-␥ with its ligand rosiglitazone can attenuate alcohol-induced lung Nox expression, oxidative stress, and barrier dysfunction (67) . Although additional studies are needed to determine the underlying mechanisms, these data highlight an etiological role for GSH depletion in the alveolar space in the upregulation of Nox expression, chronic oxidative stress, and impaired AM phagocytosis. Furthermore, these data suggest that strategies to improve GSH availability in the alveolar space and AMs will attenuate the ethanolinduced Nox expression and oxidative stress to restore bacterial clearance by AMs.
We next examined whether GSH treatments could attenuate the risk of experimentally induced bacterial infections in vivo. In the control group, infection with K. pneumoniae did not significantly alter the GSH pool or the redox state of the alveolar lining fluid. However, GSH treatment superimposed on K. pneumoniae treatment significantly increased the GSH pool and the reducing capacity of the BAL fluid. Whether the increased GSH in the epithelial lining fluid was due to increased transport, leak, or secretion by alveolar cells remains to be determined. However, GSH treatment decreased the induced expression of Nox proteins and corresponding increased ROS generation by AMs associated with K. pneumoniae treatments. Equally important, GSH treatment improved K. pneumoniae clearance from the alveolar space of control animals. Although there was decreased K. pneumonia in the AM, improved phagocytic capacity suggested that decreased K. pneumonia was due to increased killing.
As expected, oral GSH normalized the GSH pool and reducing capacity even when chronic ethanol ingestion was superimposed on K. pneumonia treatments. Correspondingly, oral GSH normalized the expression of various Nox isoforms and ROS production in the ethanol-and K. pneumoniae-treated group. This was accompanied by improved phagocytic function of the AM as well as clearance of K. pneumoniae from the airspace and AM. To our knowledge, this is the first study to report the therapeutic potential of dietary GSH in an in vivo model of bacterial phagocytosis and clearance.
Whereas ROS generation through Nox2 is critical for microbicidal functions, these data suggested that oxidative stress and GSH depletion in the BAL exacerbate infection. Excessive ROS generation through ethanol-induced upregulation of Nox isoforms (71) and TGF-␤ 1 (15) with accompanying chronic oxidative stress was central to ethanol-induced phagocytic dysfunction in mAMs (conceptual summary Fig. 7) . However, the specific mechanisms by which GSH reduced ethanolmediated increases in oxidative stress and improved AM function remain to be defined. In previous studies, ethanol feeding increased the expression of alternative activation markers and immunosuppressive TGF-␤ 1 , resulting in attenuated phagocytosis in AMs from rats (15) . Furthermore, TGF-␤ 1 upregulated Nox protein expression, particularly that of Nox4 (10), suggesting a vicious cycle of ROS generation and TGF-␤ 1 expression. Therefore, GSH could improve AM function through downregulation of TGF-␤ 1 expression, thereby attenuating Nox levels and oxidative stress, reversing alternative activation, and ultimately improving the capacity to combat a K. pneumoniae infection.
In summary, chronic ethanol ingestion increased AM oxidative stress and impaired phagocytosis through upregulation of Nox1, Nox2, Nox4, and Nox regulatory proteins. Oral GSH restored the GSH pool, the reducing capacity of the alveolar lining fluid and within the AM, and subsequent detrimental effects on the AM. Whereas the beneficial effects of oral GSH may be secondary to positive systemic effects, the ability of GSH to restore phagocytosis in the ethanol-exposed cell line suggests that restoration of the extracellular GSH pool is pivotal to restoring AM bacterial clearance. These beneficial effects were physiologically relevant and associated with decreased K. pneumoniae infection. To our knowledge, this is the first report showing the ability of oral GSH to attenuate ethanol-induced expression of Noxes, oxidative stress, and impaired phagocytic function in AMs. Additional studies are needed to determine if GSH treatments will be an effective novel therapeutic approach for attenuating increased AM oxidative stress, impaired phagocytic capacity, and increased susceptibility to lung infection and injury associated with an alcohol use disorder.
